Magnetosomes are prokaryotic organelles produced by magnetotactic bacteria that consist of nanometer-sized magnetite (Fe 3 O 4 ) or/and greigite (Fe 3 S 4 ) magnetic crystals enveloped by a lipid bilayer membrane. In magnetite-producing magnetotactic bacteria, proteins present in the magnetosome membrane modulate biomineralization of the magnetite crystal. In these microorganisms, genes that encode for magnetosome membrane proteins as well as genes involved in the construction of the magnetite magnetosome chain, the mam and mms genes, are organized within a genomic island. However, partially because there are presently no greigite-producing magnetotactic bacteria in pure culture, little is known regarding the greigite biomineralization process in these organisms including whether similar genes are involved in the process. Here using cultureindependent techniques, we now show that mam genes involved in the production of magnetite magnetosomes are also present in greigite-producing magnetotactic bacteria. This finding suggest that the biomineralization of magnetite and greigite did not have evolve independently (that is, magnetotaxis is polyphyletic) as once suggested. Instead, results presented here are consistent with a model in which the ability to biomineralize magnetosomes and the possession of the mam genes was acquired by bacteria from a common ancestor, that is, the magnetotactic trait is monophyletic.
Introduction
Magnetite-producing magnetotactic bacteria (MTB) are phylogenetically affiliated with the Alphaproteobacteria, Gammaproteobacteria and Deltaproteobacteria classes of the Proteobacteria and the Nitrospirae phylum (Bazylinski and Frankel, 2004; Lefèvre et al., 2010a) . Greigite-producing MTB have not been cultured and include a group of morphologically similar multicellular magnetotactic prokaryotes affiliated with Deltaproteobacteria (Abreu et al., 2007; Simmons and Edwards, 2007) and large rod-shaped bacteria (Pó sfai et al., 1998a) , whose phylogeny has not been studied in detail. One report suggests that at least one type of greigite-producing MTB is affiliated with the Gammaproteobacteria (Simmons et al., 2004) . However, some doubt has been raised regarding the true phylogenetic relationship of this organism (Amann et al., 2006) and the recent isolation of two new gammaproteobacterial rod-shaped MTB (Lefèvre et al., 2010b) suggests that the organism described by Simmons et al. (2004) biomineralizes magnetite. Confirmed greigite-producing MTB whose 16S rRNA gene has been sequenced include only the multicellular magnetotactic prokaryote Candidatus Magnetoglobus multicellularis and bacteria morphologically similar to it (Abreu et al., 2007; Simmons and Edwards, 2007) . This microorganism consists of an assemblage of genetically identical, Gram-negative bacteria that are capable of collectively migrating along magnetic field lines because of the coordinated rotation of flagella that cover each cell on one side. Individual cells of this microorganism do not move or respond in a magnetic field. Ca. M. multicellularis is characterized by a multicellular life cycle with no apparent cell differentiation and intercellular communication between cells (Abreu et al., 2007) .
The first report about greigite-producing MTB and its affiliation to Deltaproteobacteria suggest, but do not confirm, that magnetotaxis based on iron oxide and iron sulfide magnetosomes evolved independently and that the trait was polyphyletic (DeLong et al., 1993) .
Magnetite magnetosome formation in the Alphaproteobacteria has been extensively characterized in some cultured species (Jogler and Schü ler, 2009) and briefly studied in uncultured organisms from environmental samples (Jogler et al., 2009b) . The genes responsible for magnetite biomineralization, the mam and mms genes, make up the mamAB, mamGFDC, mamXY and mms6 operons (Jogler and Schü ler, 2009 ) in a genomic island known as the magnetosome island (MAI; Schü ler, 2004) . These genes are responsible for controlling the size and morphology of magnetite crystals in MTB, as well as magnetosome chain organization (Schü ler, 2004) . Comparisons between the MAIs of different cultured magnetite-producing MTB show that gene content and organization differ among them and are thought to be responsible for differences in magnetosome crystal morphology and size and magnetosome organization (Jogler et al., 2009a) .
The ability of magnetosome synthesis is thought to have been distributed between these organisms by horizontal gene transfer of the MAI (Jogler and Schü ler, 2009 ). According to a current model (Jogler et al., 2009a) , magnetite magnetosome genes were acquired by the magnetospirilla, the coccus Candidatus Magnetococcus marinus strain MC-1 (Schü bbe et al., 2009) and the vibrio Candidatus Magnetovibrio blakemorei strain MV-1 (Schü bbe et al., 2009 ) through independent events of horizontal gene transfer from an unknown ancestor. The close phylogenetic affinity of the magnetospirilla to a genus of photosynthetic bacteria, Phaeospirillum, suggests that the ancestor of these two groups of prokaryotes might have been a phototrophic organism. The absence of selective pressure for magnetotaxis and the loss of the MAI might have led to the occurrence of non-magnetotactic representatives within the MTB (Jogler et al., 2009a) . This model, however, describes magnetotaxis evolution only within the Alphaproteobacteria and considers only genes related to magnetite biomineralization. Genes for greigite magnetosome formation have not yet been found until now, so they have not been considered in this evolution model of magnetotaxis.
In this work, we show that genes related to magnetite biomineralization are conserved in greigite-producing MTB, suggesting that similar genes are involved in the biomineralization of both magnetite and greigite, but also that biomineralization of magnetite and greigite might not have evolved independently (that is, magnetotaxis is polyphyletic) as once suggested (DeLong et al., 1993) . Results presented here are consistent with a model in which the ability to biomineralize magnetosomes and the possession of the mam genes were possibly acquired by bacteria of the Nitrospirae and certainly acquired by Proteobacteria from an ancient common ancestor in independents horizontal gene transfer events, that is, the magnetotactic trait is monophyletic. This hypothesis is supported by the fact that Ca. M. multicellularis mam genes, when analyzed individually, are more related to orthologues found in both Deltaproteobacteria and also Alphaproteobacteria MTB and, when analyzed together, they are recovered as a deep branching lineage within bacteria.
Materials and methods
Sampling and sequencing Because Ca. M. multicellularis has not been cultured, DNA samples were prepared according to a modified magnetic enrichment procedure (Lins et al., 2003) which is based on capillary racetrack principle (Wolfe et al., 1987) . Water and sediment were collected from Araruama Lagoon, Rio de Janeiro, Brazil (221 50 0 S, 421 13 0 W) and magnetic enrichment was carried out with additional washing steps using lagoon sterile autoclaved water. This procedure yielded a highly concentrated sample of Ca. M. multicellularis. DNA extraction was performed (Chen and Kuo, 1993) and genomic DNA was amplified using REPLI-g mini kit (Qiagen, Hilden, Germany). Ca. M. multicellularis DNA was sequenced on 454 GS FLX System sequencer (Roche Diagnostics GmbH/454 Life Sciences Corporation, Branford, CT, USA). The purity of the Ca. M. multicellularis cell sample for DNA extraction was checked using light and electron microscopy on Zeiss Axiostar Plus microscope (Carl Zeiss, Oberkochen, Germany) and FEI Morgagni transmission electron microscope (FEI Company, Eindhoven, The Netherlands). The detection of Ca. M. multicellularis was greatly simplified by its unique morphology and the presence of magnetosomes (Supplementary Figure 1) . No unicellular bacterium with or without magnetosomes was observed. The purity of the samples was also checked by amplification and sequencing of 16S rRNA genes according to Abreu et al. (2007) . The only 16S rRNA gene obtained from MTB was that of Ca. M. multicellularis.
Comparative analysis of magnetosome genes
The system for automated bacterial integrated annotation platform (Almeida et al., 2004) was used to predict open reading frames (ORFs) position and sequence analysis using a tblastx tool (Altschul et al., 1997) . MAI genes of M. magneticum AMB-1 (AP007255), M. gryphiswaldense MRS-1 (AM085146), M. magnetotacticum MS-1 (NZ_AAAP01003731), Ca. Magnetococcus marinus strain MC-1 (NC_008576), Ca. Magnetovibrio blakemorei strain MV-1 (FP102531) and Desulfovibrio magneticus (AP010904) were compared with Ca. M. multicellularis sequences using tblastx for identity, positives and e-value analysis Iron oxide-and iron-sulfide-based biomineralization (Altschul et al., 1997) . Contigs having valid similarity values (e-value o1e-05) with mam genes were completely analyzed. Similar sequences of each MTB were compared between them for e-value determination. These sequences have been submitted to the GenBank databases under accession numbers HQ336745 and HQ336746.
Phylogenetic and bioinformatic analyses Maximum likelihood trees based on 16S rRNA gene sequences and amino acid composition of mam genes were constructed although, for this study, phylogenetic analysis of Mam protein amino acid sequences was favored because sequences from distantly related taxa were analyzed (Opperdoes, 2009) . Sequence alignment was performed with Muscle (version 3.6; Edgar, 2004) . The general time-reversible model (GTR; Yang, 1994; Zharkikh, 1994) with gamma-distributed substitution rates was selected as the DNA substitution model by Modelgenerator (version 0.84; Keane et al. 2006) . The Bayesian information criterion was used for the phylogenetic reconstruction. A maximum likelihood tree was then reconstructed using PhyML (version 3.0; Guindon and Gascuel, 2003) . The tree topology space was explored using the nearest neighbor interchange and subtree pruning and regrafting algorithms starting from five random starting trees generated by BioNJ (Guindon and Gascuel, 2003; Guindon et al., 2010) . Branch support was calculated using the approximate likelihood ratio test (aLRT) with SH-like interpretation. This approach is as conservative and accurate as bootstrapping but is less computationally intensive (Anisimova and Gascuel, 2006; Guindon et al., 2010) .
Results
Partial genome sequencing of Ca. M. multicellularis and comparative analysis based on known mam and mms genes revealed the following orthologues (Table 1) : mamA, mamB, mamE, mamK, mamM, mamO, mamP, mamQ and mamT. These genes were found in two segments of DNA (contigs) shown in Figure 1 . Contig 1 (GenBank accession number HQ336746) is 15 950 bp long and consists of 754 reads (20 Â coverage) whereas contig 2 (GenBank accession number HQ336745) is 9131 bp long and consists of 618 reads (30 Â coverage), confirming data reliability and accuracy. Besides putative mam genes, contig 1 contains ORFs encoding for other genes possibly involved in magnetosome synthesis including an iron-dependent repressor, a putative ferrous iron transporter and several hypothetical proteins. The tblastx analysis of the first two sequences showed that they are similar to a putative iron repressor (e-value 7e-49; coverage 86%; identity 55%; positives 74%) and ferrous iron transporter found in the MAI (e-value 6e-110; coverage 85%; 
À). ID/+ (%) represent identity and positives values in %.
Iron oxide-and iron-sulfide-based biomineralization F Abreu et al identity 52%; positives 73%) of the magnetiteproducing deltaproteobacterium Desulfovibrio magneticus (Nakazawa et al., 2009 ). The position of these genes is also similar to D. magneticus as they are located upstream of mam genes. ORFs similar to an ATPase domain protein (2e-103; coverage 96%; identity 42%; positives 60%) and a hypothetical protein (e-value 8e-71; coverage 73%; identity 50%; positives 68%) found in D. magneticus were also present.
The G þ C content of the two contigs containing mam genes is higher than the contig containing the rrs gene of Ca. M. multicellularis and putative genes involving metabolic pathways, possibly indicating that this genomic region is part of a MAI acquired by horizontal gene transfer from other organisms as described for magnetite-producing MTB (Jogler et al., 2009a, b) . The conserved genes mamA, mamB, mamE, mamO and mamP, mamQ and mamT appear to be organized in an operon; these genes are most likely essential for greigite magnetosome formation, as they may participate in the assembly of multiprotein complexes for magnetosome formation, iron transport and magnetosome organization (Jogler and Schü ler, 2009 ). Interestingly, Ca. M. multicellularis contains two ORFs similar to the mamP gene. However, these sequences are more similar to each other (e-value 7e-19; coverage 61%; identities 34%; positives 59%) than to mamP from other MTB.
The mms6, mamD, mamC, mamF, mamG, mamJ, mamX and mamY genes, strongly conserved in most magnetite-producing magnetotactic Alphaproteobacteria (Jogler et al., 2009a) , were not found in our sequences or in the genome of D. magneticus (Nakazawa et al., 2009) . These genes are considered to be of great importance in controlling magnetosome size and morphology in MTB of the Alphaproteobacteria. Nakazawa et al. (2009) suggested that their absence in D. magneticus might explain the presence of irregular, bullet-shaped magnetosomes in this species rather than the consistent hexa-and octahedra produced by Alphaproteobacteria MTB that possess these genes. Greigite magnetosome crystals, such as the bullet-shaped magnetite crystals, are pleomorphic (Abreu et al., 2007) , which might be an indication that orthologues of these genes are not present in MTB that biomineralize greigite and bullet-shaped magnetite crystals. Moreover, some greigite-producing MTB biomineralize bullet-shaped magnetite crystals in addition to greigite . Our results suggest that the minimum magnetosomerelated genes required for the synthesis of magnetite or greigite magnetosomes include mamA, mamB, mamE, mamK, mamM, mamO, mamP, mamQ and mamT, which are shared among MTB of both the Alphaproteobacteria and Deltaproteobacteria.
The highest similarity values according to tblastx analysis for ORFs from the contigs of Ca. M. multicellularis were for mamA (e-value 2e-25), mamB (e-value 3e-62), mamK (e-value 8e-137), mamO (e-value 1e-49), mamP* (e-value 7e-11), mamP (e-value 3e-19) and mamT (e-value 8e-08), all from D. magneticus, whereas mamE (e-value 1e-50) and mamQ (e-value 2e-18) were more similar to those of Ca. Magnetococcus marinus and mamM (e-value 1e-14) to that of Ca. Magnetovibrio blakemorei strain MV-1. Ca. M. multicellularis Mam amino acid sequences, when analyzed together, are more similar to those of D. magneticus, which is in accordance with the phylogenetic analysis based on 16S rRNA gene sequences (Figures 1 and 2) . Phylogenetic analysis based on Mam amino acids sequences suggests that a more recent horizontal gene transfer occurred from Ca. M. multicellularis and D. magneticus than the other species, but they are still distantly related (Figure 2 ).
Discussion
The relatively high similarity values found between the mam orthologues in Ca. M. multicellularis and the mam genes of MTB of both the Alphaproteobacteria (mamE, mamM and mamQ) and Deltaproteobacteria (mamA, mamB, mamK, mamO, mamP and mamT) suggests that these genes evolved from a common ancestor. Moreover, phylogenetic relationships of MTB based on Mam amino acid sequences and on 16S rRNA gene sequences suggest that Figure 1 Organization of open reading frames in two segments of DNA (contigs) from Candidatus Magnetoglobus multicellularis containing putative magnetosome-related genes compared to the organization of magnetosome genes within the magnetosome gene island of several cultivated magnetotactic bacteria. Scale bar indicates 1000 bp. Hypothetical proteins are represented as unlabeled arrows.
Iron oxide-and iron-sulfide-based biomineralization F Abreu et al magnetite and greigite biomineralization did not evolve independently, at least in the Proteobacteria. Phylogenetic analysis based on Mam protein amino acids sequences and mam genes content suggest that D. magneticus and Ca. M. multicellularis might share an unknown magnetotactic deltaproteobacterial ancestor. According to the prokaryotic evolution point of view (Gogarten et al., 2002) , frequency of successful exchange between taxa will depend on specific factors, including propinquity, metabolic compatibility, adaptation to the abiotic environment, gene expression systems and gene-transfer mechanisms. Based on this, acquisition of mam genes by horizontal gene transfer between D. magneticus and Ca. M. multicellularis might have a high probability as they both inhabit anoxic sulfide-rich environments below the oxic-anoxic transition zone, unlike almost all other magnetite-producing MTB.
A number of magnetosome-related genes, including mamA, mamB, mamE, mamI, mamM, mamP and mamQ, were recently found to be present in the genome of Candidatus Magnetobacterium bavaricum, a magnetite-producing MTB phylogenetically affiliated with the Nitrospirae phylum (Jogler et al., 2011) . These genes not only show similar sequence homologies to others of their type, the organization of these genes show similar short intergenic distances between them and an identical direction of transcription, providing evidence that they are organized as an operon as described for other MTB (Schü bbe et al., 2006) . The presence of mam genes and their organization in the Nitrospirae and various classes of the Proteobacteria strongly supports a monophyletic origin for magnetite-based magnetotaxis. Because both the greigite-producing Ca. M. multicellularis and the magnetite-producing MTB share similar mam genes, the capability of magnetosome, regardless of whether they contain iron oxide or iron sulfide crystals, synthesis in all currently known MTB appears to be a result of the acquisition of mam genes by independent horizontal gene transfer events from a common ancestor during evolution.
This scenario raises a number of interesting and important questions. What was the first magnetic mineral biomineralized by the MTB? It seems from the information presented here that it was likely 
Sequences of the uncultured MTB C. Thermomagnetovibrio paiutensis HSMV-1 (Lefèvre et al., 2010a) and Ca. Magnetobacterium bavaricum (Spring et al., 1993) , both phylogenetically affiliated with the Nitrospirae phylum, are included as outgroups in this analysis. Numbers between branches are aLRT values.
Iron oxide-and iron-sulfide-based biomineralization F Abreu et al magnetite, as MTB from the most deeply branching groups of Bacteria (Emerson et al., 2007) that contain them, the Nitrospirae and the Deltaproteobacteria produce this mineral. Moreover, MTB from these groups are known to biomineralize only bulletshaped magnetite crystals suggesting that this crystal morphology is the earliest form of magnetosome magnetite. If true, this finding has important implications in the finding and interpretation of magnetofossils, the putative remains of MTB magnetite crystals in ancient and recent sediments (Jimenez-Lopez et al., 2010) . It is unclear if any of the mam genes are involved in the selective precipitation of magnetite or greigite in magnetosomes. Greigite formation may have been a modification of magnetite biomineralization in some sulfate-reducing MTB such as Ca. M. multicellularis under certain conditions. This possibility is supported by the fact that the positioning of Ca. M. multicellularis in sediment is influenced by the physicochemical properties of the microenvironment, for example, the redox potential (Eh) and iron/sulfur availability (Sobrinho et al., 2011) . According to Sobrinho et al. (2011) Ca. M. multicellularis is positioned where the Eh and pH facilitates the formation of iron monosulfides, a condition necessary for the formation of greigite in magnetosomes (Pó sfai et al., 1998b) . In addition, environmental conditions appear to influence the magnetosome mineral composition in some greigiteproducing rod-shaped bacteria that also produce magnetite (Bazylinski et al., 1995) .
More recently diverging groups of the Proteobacteria (Emerson et al., 2007) , the Alpha-and Gammaproteobacteria, that contain MTB that biomineralize cubooctahedral and elongated prismatic crystal morphologies of magnetite (Bazylinski and Frankel, 2004; Lefèvre et al., 2010b) and possess more mam genes, might have acquired this ability through gene mutation and gene duplication or acquisition of additional mam-like genes that were later distributed between species of these groups by horizontal gene transfer. The presence of mam genes may not be sufficient to explain all the differences in morphology and mineral content of magnetosomes; the presence of a membrane enveloping the crystals appears to be essential to the biomineralization of the consistent, regularly-shaped magnetosome morphologies (for example, hexahedral prisms) observed in some species. Our data show that the mam gene content of D. magneticus and Ca. M. multicellularis is similar but these microorganisms appear to be distinct in the presence/absence of a membrane enveloping the crystals and in their magnetosome crystal morphologies. The absence of a magnetosome membrane in D. magneticus (Byrne et al., 2010) may explain the irregular morphologies of magnetite formed by this microorganism despite the presence of mam genes in its genome (Nakazawa et al., 2009) . Ca. M. multicellularis magnetosomes are enveloped by a membrane (Abreu et al., 2008) similar to those present in some Nitrospirae (Lefèvre et al., 2011) and in magnetotactic multicellular prokaryotes capable of simultaneous biomineralization of magnetite and greigite magnetosomes ; these uncultured microorganisms produce regularly shaped magnetosomes. It is also possible that the process of magnetite biomineralization used by D. magneticus is different under the culture conditions used to grow this organism compared with what occurs in nature. Further investigation of the physiology of divergent MTB species is needed to achieve a deeper understanding of the differences between magnetite and greigite biomineralization in MTB.
